One of the developments at MSFC that is underway to meet the demand of high-resolution X-ray optics for future X-ray astronomy missions is the 'differential deposition' technique. This process corrects the axial figure profile of optics by selectively depositing material onto the mirror's reflective surface. The process relies on accurate metrology achieved using a long trace profiler whose slope resolution is better than 1µrad. From these metrology data an error map is generated that shows the profile of material to be deposited to correct the optic's figure. A computer-controlled, deposition system then applies this corrective coating.
INTRODUCTION
Differential deposition has the potential to address the technical need for high-resolution, light-weight X-ray optics. The Chandra X-ray Observatory has already demonstrated the scientific value of sub-arc second resolution in thousands of x-ray images of supernova remnants, crowded fields such as the Galactic Center, discrete sources within near-by galaxies, jets and other structure in active galaxies, clusters of galaxies, and deep fields. Developing technologies for extending sub-arc second resolution to lightweight x-ray optics will enable large-area (> 1 m 2 aperture) x-ray telescopes that will conduct deep surveys over larger fields and even deeper surveys over narrow fields. It will probe deeper into the cosmos, allowing study of galaxy assembly processes to z = 2-5 and tracking the evolution of group-sized objects---including those hosting the first quasars---to z = 6. Furthermore, such sensitivity and angular resolution will be needed to match the scientific capabilities of state-of-the-art observatories currently being built for use in other wave bands. Due to mass constraints of space telescopes and the large ratio (about 100:1) of mirror surface area to (projected) aperture area for grazing-incidence optics, large-aperture x-ray telescopes require light-weight (about a kg/m 2 areal density) mirrors. The precision, thick-walled (about 50 kg/m 2 ) mirrors of the Chandra X-ray Observatory provide the rigidity traditionally needed for sub-arc second angular resolution. In contrast, current light-weight mirror technologies-electroformed-nickel, slumped-glass 1 and silicon-pore 2 -achieve of order 10 arc second angular resolution. The inherently low stiffness of large-area light-weight mirrors renders them susceptible to deformation during fabrication and mounting. Hence, obtaining substantially better angular resolution (of order an arc second or less) with light-weight mirrors will likely require a significant modification of the way mirror figure is imparted and maintained. One potential approach for achieving this is differential (or selective) deposition.
THE APPROACH
Differential deposition is a technique for correcting figure errors, imparted during the fabrication process of grazing-incidence x-ray optics, by selectively depositing a filler material on the mirror's reflecting surface. 3, 4, 5 The technique is implemented by measuring a mirror's axial figure profile, comparing it to the desired profile, and generating a correction or 'hit' map that describes the amount and location of the material to be deposited. The filler material, typically 10s to 100s of nm thick, is applied via vacuum deposition, utilizing Radio Frequency (RF) or Direct Current (DC) magnetron sputtering. For either case, a mask is used to limit and define the extent of the deposition to correct the figure on appropriate spatial scales. A computer, controls the translation speed of the optic over the mask to apply the desired correction profile (see Figure 1 ).
The differential deposition technique, or selective or preferential coating as it is sometimes termed, has been successfully implemented on synchrotron optics to convert a mirror profile from spherical to elliptical 6, 7 . Also a magnetron sputtering based differential deposition has been demonstrated for the refiguring of an X-ray total reflection mirror 8 . It was demonstrated in reference 9
9 that for a ~ 1-m-long synchrotron optic after four coating runs, the rms figure error decreases by almost a factor of twenty, while the rms slope error is reduced by a factor of four; to just under 0.5 microrad rms (~ 0.1 arcsec). The challenge is our case if is to adapt this technique to lightweight astronomical x-ray optics. 
CUSTOM DESIGNED VACUUM CHAMBERS
Two differential deposition systems have been custom designed, fabricated and assembled: one to correct full shell optics and the other to correct segmented optics. The chamber for the full-shell optics is shown in Figure 2 .
It is relatively compact for ease of use, and designed to correct the full-shell nickel optics currently manufactured at MSFC. Its maximum capacity is a 0.25-m diameter shell of length up to 0.6 m. The chamber is oriented horizontally, splits into three sections for easy access and is mounted on a rail system. The shell to be corrected is held in a rotating hub assembly, indicated in the figure, and translated at variable speed over the stationary sputtering head with mask. A close up of the sputtering head and the mask inside the shell is shown in Figure 3 . Results discussed in this paper are from this horizontal deposition chamber.
The second chamber, designed for segmented optics 10 and very large full shell optics (> 0.5 m diameter), is oriented vertically and shown in Figure 4 . It features a large rotating table with a vertical translation stage mounted to it. Test pieces are mounted to the vertical stage, and translated and rotated past a fixed sputtering head for 2-d figure correction.
Both coating systems are fully automated, with computer control of the differential-deposition correction process via Matlab purpose-written graphical user interfaces. Test coatings were done to optimize the coating parameters such as deposition rate and roughness. The sputtered beam profile from various slit-sizes have been thoroughly characterized on glass and/or silicon wafer samples. A step-profiler is used to measure the thickness of the coatings on the glass substrates and silicon wafers. Test differential-coatings on the glass substrates showed good agreement with simulated profiles.
METROLOGY AND SIMULATIONS
A long trace profiler (LTP) is used to measure the figure-profile of full-shell X-ray mirrors. Slope data from LTP is integrated to obtain the height information along the length of x-ray mirror. This, when compared to desired profile, gives surface-figure deviations in terms of height. The target then, with differential deposition, is to decrease the amplitude of these measured height variations. It can be calculated that an order of magnitude of reduction in heightdeviations can improve the resolution of current optics to about 1 arc sec. The repeatability of LTP data is critical in obtaining best results with differential deposition. Therefore, metrology procedures have been established that will result in repeatability of <100Å of height which includes multiple measurements with realignment of the test surface inbetween scans.
Once the figure profile is obtained from metrology data, simulations are done to determine how the figure correction is to be made. The slit size of the mask is chosen, via simulation, to correct particular spatial features: Too broad a slit will never correct a narrow feature, while a very narrow slit will be an inefficient means of correcting a broad feature due to the long deposition time.
The superposition of the predetermined sputtered beam profiles can then be used to generate the desired profile, varying the amplitude of the curve at each position (i.e., the thickness of material deposited) to achieve the desired profile (see Figure 5 ). Given the measured coating rate in the chamber, the desired amplitude can then be converted to a mask dwell time. These data then serve as the input to the computer system controlling the chamber translation stage.
The simulations were also used to determine the optimum approach to correcting the mirror shells. It was found that broad features, which were typically large amplitude, should be corrected first using a relatively wide slits, and then progressively finer features, with typically smaller amplitude deviations, should be tackled with progressively narrower mask slits. Thus several stages of correction could be needed -depending upon the initial and the desired final angular resolution.
INITIAL RESULTS
Initial tests were made to correct a single meridian of full-shell x-ray optics for mid-spatial frequency deviations only, in 2 stages. The 1 st stage used a 5 mm slit which corrects features of few cm's of spatial wavelength for a shell which typically is about a couple of hundred mm's in length for one segment (full-shell X-ray mirrors consists of 2 segments -parabolic (P) and hyperbolic (H)). A 1 mm slit is used for the 2 nd stage of correction which targets spatial wavelengths of few mm's. Figure 6 gives one such example where a 5 th order polynomial was removed from the measured profile (figure 6a) and the residual (figure 6b) was corrected in 2 stages, which improved the predicted 2-bounce equivalent HPD, calculated from the metrology data, from 7.08 arc secs to 2.87 arc secs for the entire profile and from 6.71 to 1.86 arc secs for the polynomial removed profile as shown in figure 6c . Figure 6d shows the calculated RMS height variation for the polynomial removed profile which shows an improvement from 360Å to 64Å in 2 stages of correction. Figure 7 shows another such example where a similar correction for a single meridian, polynomialremoved-profile of a full-shell was attempted again in 2 stages. In this case, the polynomial-removed profile shows an improvement in the predicted 2-bounce equivalent HPD from 6.9 to 1.9 arc secs. The RMS height variations improve from 327Å to 62Å after 2 stages of correction for this profile. After a few demonstrations of single meridian corrections, based on metrology alone, corrections were made to an x-raytestable shell for pre-and post-differential deposition correction assessment. 
X-RAY TEST RESULTS
The 'stray-light' facility at MSFC was used for X-ray testing the first shells corrected using differential deposition. This facility consists of a 100-m-long vacuum tube, to which an x-ray source is fixed on one-end and the optics and detector are placed on the other end which is a clean room facility. The optics is mounted on a tip-tilt mechanism which can be computer-controlled externally outside the vacuum. This facilitates the real-time optical alignment. A CCD camera is used to monitor the image of optics. Figure 8 shows an intrafocus image (40 mm inside the focus) of an uncorrected X-ray shell. The total length of the shell is 580 mm with each P and the H segment measuring 290 mm. The diameter of the shell at the intersection of P and H segments is 139.6 mm. 3 meridians (0 0 , 24 0 and 48 0 ) 24 0 apart along the parabolic and hyperbolic segments were then corrected for the 1 st test using a customized correction for each meridian. A 5mm slit was used for this first stage correction which targets spatial features of few centimeters. Unlike the previous attempts of correcting only the mid-spatial frequencies by removing a lower-frequency features, this mirrors was corrected for all the spatial wavelengths. Figure 9 gives the results of X-ray testing after the 1 st stage correction. The CCD image shows a visually bright region along the corrected area. Analysis of CCD data shows an improvement in the HPD from 15.7 arc secs to 10.7 arc secs as shown in figure 9b . Figure 9c shows the hitmaps for the hyperbola and parabola segments along a meridian pre and post correction, measured using LTP.
Careful analysis of these results showed that overlap areas of the meridians were overcorrected resulting in a lesser improvement in these areas. An attempt was made to rectify this in further corrections. A different azimuthal area of 3 sets of meridian (216 0 , 240 0 and 264 0 ) is chosen for this second run. Some of the metrology results of this are shown in figure 10 . Figure 10a shows the slope data of the P segment before and after stage 1 correction as measured by the LTP and figure 10b shows the hitmap of the H segment pre and post correction. . X-ray test results of both of these attempts is shown in figure 11 . Figures 11a and 11b show the intra-focus (-40mm) CCD images. The corrected segments are visually obvious compared to the uncorrected azimuthal segments. The left bottom area of the figure 11a is the all-frequency-corrected azimuthal segment. The radial brightness profiles of this shown in figure 11c shows an improvement in HPD from 17.7 arc secs to 7.8 arc secs. Avoiding the overlap areas which have slightly lesser improvement this number gets down to 7.2 arc secs. The right bottom marked region of figure  11a is the mid-spatialfrequency-only corrected area, radial profiles of which are shown in figure 11d . This area shows an improvement in HPD from 16.3 arc secs to 8.5 arc secs.
Therefore, it is clear that an improvement of a factor of > 2 is achieved with these stage 1 corrections. We plan next to implement a stage 2 correction which should improve the HPD further. Also, in near future we will be working on a thorough characterization of the meridian overlap areas.
In order to maintain a constant distance between the target and substrate for tapered mirrors, we plan also to implement a vertical translation system on which the target will be mounted -currently the mask to optic distance changes along the shell due to the shell taper, and this causes a gradual change of beam profile. By, varying the vertical position of target along the length of mirror a constant spacing between mirror and the substrate can be achieved. Also, an in-situ metrology is under investigation that will avoid the need to remove the optic between correction stages and hence will improve the efficiency of the differential deposition process.
CONCLUSIONS
Custom designed vacuum chambers have been developed at MSFC to investigate differential-depositioncorrection of X-ray mirrors. A factor of >2 improvement has been demonstrated in the imaging quality of the optics when measured in X-rays, after a single stage of differential deposition correction. The next stages of correction will address the residual finer spatial-wavelengths and should improve the imaging quality further. Metrology-based results show a factor of 3 improvement with 2 stages of correction. Efforts are in progress to refine the process, to be able to reach the full potential possible with differential deposition. An in-situ metrology system is planned that should significantly improve the efficiency of the process.
